Aims/hypothesis Glucokinase (GK), an enzyme that phosphorylates glucose to form glucose 6-phosphate, serves as the glucose sensor that regulates insulin secretion in beta cells. GK activators (GKAs) activate GK via binding to an allosteric site of the enzyme. GKAs increase glucosestimulated insulin secretion and decrease blood glucose levels. Using the differentiated beta cell line INS-1, we investigated the role of GKAs in promoting beta cell growth and survival and preventing beta cell apoptosis induced by chronic exposure to high levels of glucose. Methods Proliferation was assessed using BrdU incorporation. Apoptosis was measured using caspase-3 activity. Immunoblot analysis was used to detect protein levels and the degree of phosphorylation. Results The GK agonists GKA50 and LY2121260 increased both cell replication and cell numbers when tested at basal levels of glucose (3 mmol/l) in INS-1 cells. GKAs promoted INS-1 cell proliferation via upregulation of insulin receptor substrate-2 and subsequent activation of protein kinase B phosphorylation. GKA50 also prevented the INS-1 cell apoptosis that was induced by chronic high glucose conditions, probably via an increase in GK protein levels and normalisation of the apoptotic protein BCL2-associated agonist of cell death (BAD) and its phosphorylation. As a result of the reduction in cell apoptosis, GKA50 prevented cell loss and maintained glucose-stimulated insulin secretion.
Introduction
Chronic exposure to hyperglycaemia leads to a progressive loss of beta cell mass by inducing beta cell death without a sufficient compensatory increase in the rate of beta cell production. In type 2 diabetes, the onset of the disease is not only caused by dysfunction of insulin secretion but also significant loss of beta cell mass that no longer compensates for insulin resistance [1, 2] . Therefore, therapeutics that promote survival and prevent apoptosis in beta cells are highly desirable as they may preserve beta cell function and delay or prevent the onset of diabetes.
Glucokinase (GK), a member of the hexokinase family, catalyses the initial step in glycolysis. The enzyme phosphorylates glucose to glucose 6-phosphate and acts as a sensor for glucose-stimulated insulin secretion in beta cells [3] . Inactivating mutations in GK have been associated with maturity-onset diabetes of the young, which is characterised by early-onset and persistent hyperglycaemia [4, 5] . Conversely, activating mutants increase insulin secretion to a level that induces hypoglycaemia in some cases [4] . Recently, small molecules that bind to an allosteric site of GK and increase its activity have been discovered. These GK activators (GKAs) enhance hepatic glucose disposal in mice and stimulate glucose-stimulated insulin secretion in isolated pancreatic islets, hence providing potentially novel treatments for diabetes [6] .
In addition to functioning as a glucose sensor and modulator of insulin secretion in beta cells, GK has recently been reported to play potentially important roles in the regulation of beta cell growth and survival. Terauchi et al. showed that beta cell specific Gk +/− mice failed to display compensatory beta cell replication in response to insulin resistance induced by a high-fat diet, suggesting a critical role of GK in beta cell hyperplasia and protection against diabetes [7] . Furthermore, GK has also been reported to be potentially involved in preventing beta cell apoptosis [8] . Danial et al. revealed that GK resides in a mitochondrial complex with BCL2-associated agonist of cell death (BAD), a pro-apoptotic protein that acts as an apoptotic sentinel, responding to abnormalities in glucose metabolism [9] . Subsequently, Kim et al. demonstrated that chronic exposure to elevated glucose causes a reduction in GK production, BAD phosphorylation and interaction of GK with mitochondrial voltage-dependent anion channels (VDACs) [10] . Decreased binding of GK to the mitochondria allows apoptotic BCL2-associated X protein (BAX) to bind to VDAC and ultimately leads to an increase in beta cell apoptosis. Taken together, the evidence suggests that GK may be integral for the interplay between glucose metabolism and cell growth and apoptosis in pancreatic beta cells.
The goal of this study was to determine whether an increase in GK activity by GKAs could promote beta cell growth and prevent apoptosis induced by chronic exposure to high glucose levels. We discovered that under basal glucose conditions, the GK activators GKA50 and LY2121260 increase both INS-1 beta cell replication and cell numbers via upregulation of insulin receptor substrate-2 (IRS-2) and activation of protein kinase B (PKB/AKT). We also found that GKA50 specifically increases the level of GK protein and normalises that of apoptotic protein BAD/ phosphorylated BAD (pBAD) under conditions of chronic high glucose, thereby significantly reducing INS-1 cell apoptosis caused by such conditions. Our results indicate that GK activity plays an important role in beta cell survival and apoptosis. They also suggest that in addition to stimulation of insulin secretion and normalisation of glucose, GKAs may result in beta cell preservation and an increase in beta cell mass by promoting growth and preventing apoptosis of beta cells.
Methods
Compounds All compounds were synthesised at Pfizer, La Jolla, CA, USA.
Cell culture INS-1 cells were cultured in growth medium composed of RPMI 1640 medium (Invitrogen, Carlsbad, CA, USA), containing 11 mmol/l glucose, 10% (vol./vol.) fetal bovine serum (Hyclone, Logan, UT, USA), 50 μmol/l 2-mercaptoethanol, 1 mmol/l Na-pyruvate, 2 mmol/l glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin. Cells were maintained at 37ºC in a humidified incubator gassed with 5% CO 2 .
GK-coupled enzyme assay Production and purification of GK recombinant proteins has been described previously [11] .
The half effective concentration (EC 50 ) and V max values of the GKAs were determined using a pyruvate kinase/ lactate dehydrogenase-coupled assay. Briefly, the assay was performed in the presence of serial dilutions of test compounds, 5 mmol/l glucose and 1 mmol/l ATP at 25°C. The final assay buffer also contained 50 mmol/l HEPES, pH 8.0, 2 mmol/l MgCl 2 , 25 mmol/l KCl, 0.7 mmol/l NADH, 2 mmol/l dithiothreitol, 0.2 mmol/l phosphoenolpyruvate, 0.1% BSA and 1 unit/ml of pyruvate kinase/lactate dehydrogenase. Reactions were initiated by the addition of GK and monitored by the depletion of NADH at 340 nm.
EC 50 and % activation were calculated by the following equations:
where x is the logarithm 10 of the compound concentration, y is V a /V 0 , V a is activity in the presence of activator and V 0 is activity in the absence of activator.
Proliferation assay INS-1cells were plated in 96 well plates at 1.5×10 5 cells/well in growth medium. Next day, the cells were washed once with PBS and incubated overnight in starvation medium in which serum was replaced with 0.1% BSA based on the method of Wang et al. [12] . The starvation medium also lacked glucose and sodium pyruvate. For BrdU incorporation, cells were subsequently stimulated for 24 h in starvation medium supplemented with 3 mmol/l glucose and differing concentrations of compounds. BrdU solution was then added and cells were incubated for additional 6 h. BrdU incorporation was detected using ELISA following the manufacturer's instructions (Roche Diagnostics, Indianapolis, IN, USA). To obtain cell numbers, cells were stimulated for 48 h, then trypsinised and counted in the presence of Trypan blue using a haemocytometer.
Apoptosis assay INS-1 cells were plated in 96 well plates at 5×10 4 cells/well. Unless otherwise stated, cells were treated for 3 days in growth media with different amounts of glucose in the absence or presence of different concentrations of compounds. Apoptosis was evaluated using the Caspase-Glo 3/7 Assay kit according to the manufacturer's instructions (Promega, Madison, WI, USA).
Insulin secretion assay Glucose-stimulated insulin secretion by GKAs was measured using untreated cells. Briefly, INS-1 cells were plated in 96 well plates at 7.5×10 4 cells/ well. Next day, they were cultured overnight in starvation medium containing 2.5 mmol/l glucose. After starvation, the cells were washed once with KRB and then incubated in KRB for 30 min. Insulin secretion was performed in KRB containing 6 mmol/l of glucose and different concentrations of test compounds for 3 h.
Stimulation of insulin secretion in the cells pretreated with high glucose and compounds was conducted as described below. INS-1 cells were plated in 96 well plates at 5×10 4 cells/well. Next day, cells were treated with high glucose (40 mmol/l) and/or compounds at indicated concentrations for 3 days. The medium was then removed and replaced with starvation medium containing 2.5 mmol/l glucose. After 2 h incubation, cells were washed once with KRB and incubated with KRB for additional 30 min. Insulin secretion was performed in KRB supplemented with 16 mmol/l of glucose for 2 h. For measurement of insulin, samples were diluted and assayed by ELISA according to the manufacturer's instructions (ALPCO, Salem, NH, USA).
Western blot analysis Following treatments, INS-1 cells were lysed in CelLytic cell lysis reagent (Sigma, St Louis, MO, USA). The lysates were collected after centrifugation at 13,000 rpm for 10 min at 4ºC. Protein concentration was measured using the Bio-Rad protein assay kit (Bio-Rad, Hercules, CA, USA). Protein samples were resolved by electrophoresis on SDS-polyacrylamide gel (Invitrogen). Following transfer to nitrocellulose membrane, the membrane was subjected to immunoblot analysis using antibodies against IRS-2, GK (Santa Cruz Biotech, Santa Cruz, CA, USA), PKB/AKT, phosphorylated PKB/AKT (pPKB/AKT), BAD, pBAD (Cell Signaling Technology, Danvers, MA, USA), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; EMD Chemicals, San Diego, CA, USA). Secondary antibodies (Alexa Fluor 680 antibodies) were purchased from Invitrogen and IRDye800 Conjugates from Rockland Immunochemicals (Gilbertsville, PA, USA). The images were analysed using an Odyssey Infrared Imaging System from LI-COR Biosciences (Lincoln, NE, USA).
Results

GKA50 and LY2121260 stimulate proliferation of INS-1 cells through upregulation of IRS-2
To investigate the effect of GKAs on beta cell proliferation and apoptosis, we selected GK activator compounds with different structure scaffolds as reported in the literature, such as AstraZeneca's GKA1 and GKA50, Lilly's LY2121260 and Banyu's Compound A [13] [14] [15] [16] (Fig. 1a) . These compounds activated human GK enzymatic activity with various potencies (EC 50 ) and different maximal enzyme activities (V max ), and also stimulated insulin secretion in the pancreatic insulinoma cell line, INS-1 (Fig. 1b) .
Stimulation of beta cell proliferation was performed using either a stimulatory concentration of glucose (15 mmol/l) or a test compound (GKA50 or LY2121260) at basal glucose concentration (3 mmol/l). INS-1 cell proliferation was measured by BrdU incorporation, which reflects the rate of DNA synthesis. BrdU incorporation in the presence of 3 mmol/l glucose served as control and was set as 100%. Under basal glucose conditions, GKA50 and LY2121260 stimulated cell proliferation five-to sevenfold. The stimulation was dose-dependent, with EC 50 values ranging from 1 to 2 μmol/l (Fig. 2a) . At 48 h post stimulation with 15 mmol/l glucose or 5 μmol/l compound, cell numbers were also increased as a result of enhancement of cell proliferation (Fig. 2b) .
It has been reported that 15 mmol/l glucose promotes INS-1 proliferation, most likely via upregulation of the IRS-2 and PKB/AKT pathways [17] . We examined whether GKAs were able to stimulate IRS-2 production at the basal glucose concentration using western blot analysis. While treatment with 5 μmol/l GKA50 for 8 h caused a small but reproducible increase in IRS-2 protein levels, the effect of LY2121260 was comparable with that of 15 mmol/l glucose (Fig. 2c) . IRS-2 elevation also paralleled activation of PKB/ AKT via phosphorylation with no change in the production of this protein. The results suggest that GKAs stimulate INS-1 cell proliferation at least in part via specific increase of IRS-2 signalling and PKB/AKT activation in the cells.
GKA50, but not GKAs with different structural scaffolds, reduces INS-1 cell apoptosis induced by chronic high glucose It has been observed that conditions of chronic high glucose induce beta cell apoptosis, possibly through downregulation of GK protein levels [10] . Thus, we sought to investigate whether enhancement of GK activity by GKAs would protect beta cells against apoptosis induced by high glucose. We first treated INS-1 cells with different concentrations of glucose for 3 days. Compared with normal culture conditions (11 mmol/l glucose), treatment of INS-1 cells with 20 mmol/l and higher glucose concentrations caused a marked increase in apoptosis, as measured with caspase-3 activities (Fig. 3a) . The effect of high glucose on apoptosis induction was time dependent as the apoptotic signals increased over the course of treatment (Fig. 3b) . We next investigated the effect of GKAs on prevention of beta cell apoptosis. INS-1 cells were simultaneously treated with 40 mmol/l glucose and 1.2 μmol/l GKA50 for 2-4 days. The caspase-3 activity in the presence of 40 mmol/l glucose was set as 100%. After 2 days from commencement of treatment, cells treated with GKA50 had a 20% reduction in high-glucose-induced apoptosis, with a maximal reduction of 30-40% by days 3 and 4 ( Fig. 3c) . No further reduction was observed at later time points (data not shown). Our results are consistent with previous data indicating that overproduction of GK in MIN6N8 cells caused a partial reduction of apoptosis [10] .
To investigate if other GKAs have a similar anti-apoptotic effect, we tested several GKAs including GKA1, LY2121260, and Compound A. However, we discovered that only GKA50 and GKA1, which were derived from the same chemical series, were able to ameliorate apoptosis (Fig. 3d) . The other two compounds did not display any anti-apoptotic activity. GKA1 is~50-fold less potent in its enzymatic activity than GKA50 (Fig. 1) , which might explain its marginal anti-apoptotic effect in our assays. 2 μmol/l of GKA50 was assessed daily for up to 3 days. We found that as chronic high glucose exposure caused apoptosis, it resulted in a reduced number of cells compared with normal glucose controls. The reduction in cell number by high glucose was evident after 1 day of treatment (Fig. 4a ) and was statistically significant on day 3 (Fig. 4c) . Treatment with GKA50 completely blocked the cell loss but treatment with LY2121260 had no activity (Fig. 4c) .
To examine if GKA50 preserves insulin secretion, two sets of cells were treated with 40 mmol/l glucose and different amounts of GKA50 for 3 days. One set of the cells were measured for caspase-3 activity. The medium containing high glucose and test compound was removed from the other set of cells, and was replaced with medium containing 2.5 mmol/l glucose. After 2 h recovery, the cells were stimulated for insulin secretion with 16 mmol/l glucose as described in the Methods. While GKA50 pre-treatment decreased cell apoptosis, insulin secretion was maintained. Inhibition of cell apoptosis and preservation of glucosestimulated insulin secretion were tightly correlated and dependent on the concentration of GKA50. As GKA50 concentration increased, there was less apoptosis and more glucose-stimulated insulin secretion (Fig. 4d) .
GKA50 reduces chronic-high-glucose-induced apoptosis via modulation of GK and apoptotic protein BAD To investigate the potential mechanism by which GKA50 exerts its anti-apoptotic effect, we performed western blot analysis and examined how GKA50 regulates target proteins. As shown in Fig. 5 , exposure of INS-1 cells to chronic high glucose did not seem to change GK levels, contrary to the effect in MIN6N8 cells [10] . Chronic high glucose exposure caused a moderate reduction of BAD and pBAD in INS-1 cells (30% reduction). One explanation for the observed discrepancies could be the different cell lines under study (rat INS-1 vs mouse MIN6N8). Despite the rather modest changes seen with chronic high glucose, we observed increased GK production (~1.7-fold) and coordinate normalisation of BAD and phosphorylated BAD (pBAD) at 1.2 μmol/l GKA50, the concentration where maximal inhibition of apoptosis by this compound was observed (Fig. 3d) . The specific regulation of GK and BAD/pBAD was confirmed by the finding that LY2121260 was not able to elicit changes similar to those achieved with GKA50. This is consistent with LY2121260 not preventing apoptosis (Fig. 3d) . These results suggest that induction of GK and normalisation of BAD/pBAD with concomitant amelioration of apoptosis may occur through a mechanism unique to GKA50.
Production of BAX in INS-1 cells was induced by chronic high glucose levels, and the induction was not affected by the addition of GKAs (Fig. 5 ). An increase in BAX resulting from exposure to high glucose levels was also observed in MIN6N8 cells [10] . Although overproduction of GK in stably transfected MIN6N8 cells completely blocked BAX induction by high glucose, the elevation of BAX seen in INS-1 was not altered by GKA50, despite the fact that GK protein was increased by incubation with test compound. It is possible that this discrepancy was caused by the difference between constant high GK levels in stably transfected cells vs transient induction of GK by the compound.
The anti-apoptotic effect of GKA50 is decreased by other GK activators that do not inhibit apoptosis induced by chronic high glucose To address whether the anti-apoptotic effect of GKA50 is due to its direct binding to GK, competition experiments were performed in the presence of GKA50 and other GKAs lacking anti-apoptotic activity, such as LY2121260 and Compound A. These GKAs were designed to bind to the same allosteric site of GK and have shown no effect on the inhibition of apoptosis induced by chronic high glucose. The competition experiments were conducted as follows. We examined whether a fixed amount of competitor compound (1.2 μmol/l) was able to reduce the potency of GKA50 in preventing cell apoptosis. We found that both competitors were able to compete with GKA50 and cause a loss in potency of GKA50 in its antiapoptotic activity. The reduction in the potency of GKA50 by the competitors correlated well with their biochemical Caspase-3 activity was measured in one set of the cells. For the other set of cells, the medium containing high glucose and compounds was removed and replaced with medium containing 2.5 mmol/l glucose. After 2 h recovery, the cells were subsequently stimulated with KRB supplemented with 16 mmol/l glucose. Cell medium was collected and insulin content was measured using an ELISA. Square, apoptosis; triangle, insulin EC 50 values (competition by Compound A > LY2121260) (Figs 1 and 6 ). We have also conducted a competition experiment in which we kept GKA50 at the concentration at which 90-100% inhibition of apoptosis was achieved, and instead increased the amount of the competitor compound. Consistently, we observed that the competitor decreased the ability of GKA50 to inhibit apoptosis. The rank order of competition correlated with the corresponding biochemical potency of the competitor compound (data not shown). These results suggest that direct binding to the GK protein is essential for GKA50 to reduce the apoptosis induced by chronic high glucose.
Discussion
GK is the rate-limiting enzyme that converts glucose into glucose 6-phosphate and serves as the glucose sensor for glucose-stimulated insulin secretion in beta cells. By activating GK activity, GKAs stimulate insulin secretion in islets and glucose metabolism in hepatocytes, lowering blood glucose in a range of non-diabetic and diabetic rodent models. Therefore, they provide an opportunity for the therapeutic treatment of type 2 diabetes [18] [19] [20] . Our study suggests a novel role of GKAs as potential regulators of islet cell mass through promotion of beta cell proliferation and prevention of beta cell death induced by chronic high glucose. Using a heterozygous Gk knockout mouse (Gk del/wt ), Gorman et al. reported that Gk del/wt mice, when on a high-fat diet, had reduced insulin levels and greater hyperglycaemia compared with Gk wt/wt controls [21] . Their results were consistent with decreased GK in beta cell specific Gk +/-mice leading to insufficient beta cell hyperplasia in response to high-fat-induced insulin resistance [7] .
These findings were the first to suggest a critical requirement for GK, not only for insulin secretion but also for beta cell replication. Our results further demonstrate that enhancing GK activity by GKAs promotes beta cell proliferation (Fig. 2) and support the suggestion that glucose metabolism is crucial for beta cell growth [22, 23] . Hypothetically, GKAs should be able to increase GK activity in beta cell specific Gk +/− mice and hence render them with sufficient beta cell compensation for high-fat-induced insulin resistance and protect them against diabetes.
Both IRS-2 and PKB/AKT have previously been shown to play important roles in pancreatic beta cell growth and survival. Irs2
−/− mice develop diabetes because of a lack of beta cell hyperplasia in response to insulin resistance [24, 25] . Activation of the PKB/AKT pathway is required for glucose-induced beta cell proliferation and survival because of constitutively active PKB/AKT-enhanced survival in the cells [26] . Recently, Lingohr et al. reported that glucose specifically upregulates IRS-2 in rat primary pancreatic islet beta cells and IRS-2 upregulation correlates with downstream activation of PKB [17] . We have observed a similar increase in phosphorylation of PKB/AKT after GKA treatment together with IRS-2 induction. Therefore, the action of GKAs is consistent with that of glucose, suggesting that GKAs promote beta cell proliferation via the IRS-2/phosphoinositide 3-kinase/PKB branch of the IRS-2 signalling pathways. Because promotion of beta cell proliferation by GKAs may depend, at least in part, upon IRS-2 signalling pathways, it would be quite instructive to determine whether GKAs promote beta cell proliferation in Irs2 −/− mice.
Results from Lingohr et al. suggest that specific induction of IRS-2 production by glucose occurs at the transcription level. It depends on glucose metabolism and requires a downstream increase in cytosolic [Ca 2+ ] i [17] . Johnson et al. recently demonstrated that GKA50 is able to raise [Ca 2+ ] i in the presence of 2-10 mmol/l glucose in beta cells [27] . Collectively, these findings suggest that GKAs may regulate IRS-2 production through enhancement of glucose metabolism and subsequent elevation of cytosolic [Ca 2+ ] i in beta cells. Interestingly, IRS-2-mediated activation of PKB/AKT pathway by glucagon-like peptide-1 (GLP-1) and its analogue, exendin-4, has also been demonstrated to play a role in the regulation of beta cell proliferation [12, 28] . Although GLP-1 and GKAs stimulate insulin secretion and lower blood glucose via distinct actions, they may use this common pathway to regulate beta cell mass in the pancreas. It is likely that, as with GLP-1, GKAs regulate IRS-2 production in beta cells, which in turn could be a major contributory mechanism underlying the promotion of beta cell growth and survival. Thus, specific induction of IRS-2 by GKAs or GLP-1 provides a potential means of promoting beta cell survival, maintaining adequate beta cell mass and delaying the onset of diabetes.
Whether glucose signalling plays a dominant role in beta cell compensation for insulin resistance has been debated [29] . The finding that a reduction in GK levels in beta cells prevents beta cell expansion [7] and our results showing that enhancing GK activity by GKAs leads to an increase in INS-1 cell proliferation support the hypothesis that glucose and GK activity are crucial factors responsible for this important compensatory mechanism. Future investigations will be necessary to understand how glucose signalling is involved in beta cell replication.
Although recent studies suggest that chronic hyperglycaemia can induce apoptosis of beta cells ultimately leading to a decrease in beta cell mass [30] [31] [32] , the mechanisms causing these phenomena are not well understood. It has been suggested that glucose metabolism may be essential for apoptosis [33] . All the GKAs tested in this study were expected to enhance glucose metabolism by increasing GK activity, but only one compound (GKA50) displayed significant anti-apoptotic activity. This observation argues that enhancement of glucose metabolism may be important but is not sufficient to prevent apoptosis.
Direct involvement of GK in cell apoptosis was not revealed until Danial et al. reported that in liver cells GK is associated with the pro-apoptotic protein BAD, a member of the BCL-2 family [9] . Direct interaction between GK and pBAD reduced binding of BAX to mitochondria and enhanced glucose metabolism, which led to inhibition of BAX-induced apoptosis [9] . In MIN6N8 beta cells, chronic high glucose causes a significant reduction in GK protein and pBAD in apoptotic cells [10] . Both events are believed to be associated with apoptosis induced by chronic exposure to high glucose.
We observed that the anti-apoptotic compound GKA50 caused a specific increase in GK protein and normalisation of BAD/pBAD in INS-1 cells, while GK production was not affected by chronic high glucose treatment (Fig. 5) . The effect of GKA50 treatment is consistent with a previous observation that GK overproduction prevents apoptosis induced by chronic high glucose by enhancing the interaction of GK and mitochondria, increasing BAD phosphorylation and reversing other events that lead to apoptosis [10] . Although GKA50 treatment did not reduce BAX protein in the INS-1 cells as GK overproduction did in MIN6N8 cells, it is conceivable that the increased levels of GK that occurred because of GKA50 in the cells may be sufficient to block the binding of BAX to mitochondria, one of the key events leading to cell apoptosis.
It remains unclear at this point why only GKA50, and not any other GKA tested, was able to reduce apoptosis induced by chronic high glucose in the INS-1 cells. While treatment with GKA50 increased the level of pBAD, and LY2121260 did not, the magnitude was quite modest at any time point tested (Fig. 5 and data not shown) . The exact mechanism for the prevention of cell apoptosis by this compound warrants further investigation. Based on our observation and reports by others, we speculate that it is the induction of GK protein and subsequent modulation of BAD/pBAD by this agent that contributes to its antiapoptotic effect in this cell line. More compounds of differing activities will be needed to address this question. It is always dangerous to extrapolate from a tumour cell line, but given that tumour cell lines are generally more resistant to induced apoptosis than primary cells, we consider that these findings merit further study. Investigation of the effects of various GKAs in animal models of diabetes will be necessary to better understand the relevance of the anti-apoptotic effects of GKAs shown in the present study and the differences in the GKA compounds.
In conclusion, we have shown for the first time that GKAs play important roles in the promotion of proliferation in a model INS-1 beta cell line and prevention of apoptosis induced by chronic exposure to high glucose levels. The effect of GKAs on specific regulation of IRS-2 suggests possible long-term effects on beta cell mass. These novel GKAs may offer potential therapeutics that not only decrease hyperglycaemia but also compensate for beta cell loss in patients with type 2 diabetes.
